We describe the principles of design and the architecture of planar microfluidic networks producing concentration gradients with the shape of any given monotonic function. Each microfluidic network is fed by two separate source solutions and delivers to its outlet a set of N solutions that all differ in concentration. Inside the network, the source solutions flow through a series of k = log 2 (N21) stages, where they are repeatedly split and mixed. Streams of the solutions emerging from the network are combined to create a single stream with the desired shape of the concentration profile across the direction of flow. To demonstrate the functionality of the proposed architecture, we have built and tested three networks with k = 4 and N = 17 that generate an exponential concentration profile, a linear profile, and a profile with a shape of two fused branches of a parabola.
Introduction
The engineering of controlled liquid environments with gradients of concentration of relevant substances is important for various chemical and biological applications, in particular, for the study of chemotaxis. Reasonably stable gradient profiles are created in simple chemotaxis chambers designed by Zigmond 1 and by Dunn et al. 2 that consist of two large wells connected by a narrow channel. A gradient profile is generated by the molecular diffusion through the channel, from the well loaded with a solution with a high concentration of the chemoattractant (source) to the well loaded with a low concentration solution or a plain buffer (sink). This method of gradient generation has the drawbacks of limited control of the profile shape, long time required for the gradient to build up, and eventual deterioration of the gradient due to depletion of the source and contamination of the sink. Truly stable concentration profiles can be created by using solutions with different concentrations flowing at a constant speed through a microscopic channel. Since the microscopic flows are generally laminar and stable, a state of dynamic equilibrium is reached in the channel-the diffusive flux driven by a concentration gradient across the flow is balanced by constant replenishment of the solutions. The simplest implementation of this approach is with two source solutions injected into a microchannel side by side. While useful for some applications, 3, 4 this arrangement has multiple shortcomings. The concentration profile across the flow always has a characteristic sigmoidal shape, 5 which may not be optimal for the desired application, and creating a gradient profile of sufficient width may require an impractically long channel. In addition, the shape of the profile depends on the position along the channel and on the flow speed.
These problems were successfully resolved in the devices introduced by Whitesides et al. 6, 7 Variations of these devices have been used for a variety of biological applications, including experiments on chemotaxis of human neutrophils, [8] [9] [10] [11] [12] cancer cells 13 and amoebas; 14 on culturing of cells at different medium conditions; and on cell dose response. [15] [16] [17] Among other applications there have been titration, 18 differential patterning of surfaces, [19] [20] [21] fabrication of materials with spatially modified properties, 22, 23 and on-chip adjustment of refractive index. 24 A key part of the devices is a gradientmaking network of microchannels that typically has a recognizable pyramidal shape. 6, 7 In its basic configuration, the network is supplied with two source solutions and delivers to its outlet a set of N solutions with a linear sequence of concentrations. Inside the network the source solutions flow through a series of stages, where they are repeatedly split and mixed in different proportions. At the network outlet, streams of the N solutions merge into a single stream with linear variation of concentration across the direction of flow. The gradient-making network by Whitesides et al. can be readily adapted to generate concentration profiles with shapes of power functions and polynomials. 6, 7, 25, 26 However, generation of a polynomial of a power m requires m+1 separate source solutions, becoming impractical at large m, and there is no straightforward way to generate non-polynomial shapes such as an exponent. In addition, the number of splitting-andmixing stages linearly increases with N, and while large N is beneficial for the accuracy and stability of the concentration profile, in most practical implementations of the network N ¡ 10. An alternative gradient-making network allowing generation of complex concentration profiles has been recently proposed by Toner et al. 27 However, it was only shown to be original design by Whitesides et al. 6, 7 First, it allows generating a monotonic concentration profile of any given shape. Second, a logarithmically small number of splitting-and-mixing stages (ylog 2 N) is required to produce a set of N solutions with different concentrations, making the network more compact and substantially increasing the practical limit on N. We have designed, fabricated and tested three microfluidic devices that produce an exponential concentration profile, a linear profile, and a profile with a shape of two fused branches of a parabola.
Experimental Microfabrication
Each of the three microfluidic devices described in this work ( Fig. 1 ) has two inlets, one outlet and is made of a single cast of polydimethylsiloxane (PDMS; Sylgard 182, Dow Corning, Midland, MI) bonded to a microscope cover glass. A master mold to cast the PDMS chips was fabricated by spin-coating a 40 micron layer of negative photoresist (SU-8 2015, Microchem, Newton, MA) onto a 50 silicon wafer and exposing it to UV-light through a specially designed photomask with a resolution of 40,000 dpi. PDMS prepolymer was poured onto the master mold, degassed and cured by baking in an 80 uC oven for 1.5 h. Individual chips were cut from the cured PDMS, and inlet and outlet holes were punched with a 20 gauge luer-stub. The chips were soaked in 0.01 M HCl at 80 uC for 1 h to make the surface more hydrophilic. The devices were completed by attaching #1.5 cover glasses to the patterned surfaces of the PDMS chips and baking them at 80 uC overnight to promote adhesion between the PDMS and the glass.
Flow control
The working liquids were kept in 60 cc plastic syringes, which were held upright with the luer connector at the bottom and were open to the atmosphere at the top. Each syringe was connected to a microfluidic device through a blunt luer needle (gauge 23), a long piece of Tygon tubing with an internal diameter of 0.5 mm, and a short piece of hypodermic steel tubing inserted into an inlet or outlet of the device. The flow in the microchannels was driven by setting a difference in pressure between the inlets and the outlet, P d . The differential pressure was generated hydrostatically by attaching the two syringes connected to the inlets to separate moving stages sliding along a vertical rail with a precise ruler. 28 The syringe connected to the outlet was held at a constant lower level. The difference in the levels of liquid between the syringes connected to the inlets and to the outlet was measured with a precision of about 0.2 mm, corresponding to 2 Pa in pressure.
Chemicals
To visualize concentration profiles in microchannels we used solutions of fluorescein isothiocyanate, FITC, (Sigma, St. Louis, MO) with a diffusion coefficient D = 5 6 10 26 cm 2 s 21 . To stabilize its fluorescence level, FITC was dissolved in a pH = 7.5 phosphate buffer.
Microscopy and measurements
Microfluidic devices were mounted on an inverted fluorescence microscope Nikon TE2000U, which was equipped with a cooled digital CCD camera, Spot RT-SE6 (Diagnostic Instruments, Sterling Heights, MI), and an electronic shutter in the fluorescence illumination light train. The shutter was normally closed to prevent excessive photobleaching; its opening was synchronized with taking fluorescence images. The concentration of FITC in microchannels in a specific area of a microfludic device was evaluated by measuring the intensity of light at that location in a fluorescence image. Before the fluorescent light intensity was measured, the image was pre-processed in two steps. First, the background light level, corresponding to known non-fluorescent areas, was subtracted from the image. Second, the image was normalized with a distribution of fluorescent light from a slab of a uniformly fluorescent material at the same illumination and imaging condition. This normalization (flat-field correction) was performed to compensate for non-uniformity in the fluorescence illumination, light collection and sensitivity of the CCD array. To test for linearity of the dependence of the fluorescence intensity on the FITC concentration, we took images of microchannels with different known concentration of FITC inside. In the working range of 0-15 ppm, the dependence was found to be linear within y1%. Maximal flow velocity in channels, v max , at various driving pressures, P d , was evaluated by seeding solutions fed into the device with 4.6 mm fluorescent particles (Interfacial Dynamics Corp, Portland, OR) and measuring the extension of the longest streaklines produced by the particles. The mean flow velocity, n, in the 50 6 40 mm serpentine channels was computed as n = 0.48v max , with the ratio between n and v max calculated using equations from ref. 29 .
Design and operation of the microfluidic devices
Similarly to the devices introduced by Whitesides et al., 6, 7 each of the microfluidic devices described in this paper consists of two parts: a gradient-making network and a test channel (wide vertical channel in Fig. 1(a) , (b) and (c)). The gradient-making network is fed by two source solutions with different concentrations injected into the device through separate inlets, and it generates N solutions of different concentrations. These latter solutions are directed into the test channel through N separate narrow channels (the lowest row of serpentine channels in Fig. 1 ). In all three devices described in this paper N = 17 ( Fig. 1) . It is convenient to number the serpentine channels from left to right, and designate the concentration in the nth serpentine channel as c n , where 1 ¡ n ¡ N. The set of c n is constructed to be a discrete representation of the desired concentration profile across the test channel, c(y). Streams of all solutions injected into the test channel have the same volumetric flux and approximately the same width in the test channel, Dy # w/N, where w is the width of the test channel. Exceptions are the two streams at the edges, which are somewhat wider because the flow velocity near the edges of the test channel is lower than in the middle. As the flow advances along the test channel, the initial discontinuity in concentration between adjacent streams gradually disappears due to molecular diffusion. The characteristic diffusion time is t D = Dy 2 /D, corresponding to a characteristic distance Dx = nt D from the stream merging point at the beginning of the test channel. Here D is the coefficient of diffusion of the solute, and n is the mean flow speed. (For the actual test channel, the analysis is somewhat more complicated because of variation of the channel width in the beginning.) At distances x . Dx, c(y) is a smooth function. Molecular diffusion across the test channel also levels off the non-uniformity of c(y) on the scale of the whole channel, making c(y) increasingly different from its desired shape as x and the residence time in the flow increase. The characteristic time of this unwanted leveling off can be estimated as
Dx from the beginning. These simple arguments show that a suitable working range of x, at which the distribution c(y) is both smooth and closely matching the set of c n , is given by Dx , x % N 2 Dx. Furthermore, at Dx , x % N 2 Dx, the concentration profile has little sensitivity to variations of n. Therefore, it is essential that N is sufficiently large, N 2 & 1, for the device to operate well. In addition to providing a long working region in the test channel, a large value of N also allows accurate definition of c(y) by the discrete set of c n . The latter is especially important for nonlinear c(y), because the molecular diffusion between the adjacent streams in the test channel tends to reduce the curvature of the concentration profile.
The proposed gradient-making networks have a layout similar to the networks introduced by Whitesides et al.:
6,7 they consist of consecutive stages, each comprised of a wide horizontal channel and a set of narrow serpentine channels downstream from it ( Fig. 1 ). (The latter channels are called vertical channels in ref. 6 and 7). The horizontal channels distribute the flow emerging from the upstream serpentine channels over a larger number of the downstream serpentine channels. In addition, due to low flow resistance of the horizontal channels, all serpentine channels belonging to the same stage have equal pressures at their inlets and equal pressures at their outlets. The function of the serpentine channels is to provide diffusive mixing of solutions injected into them and to generate a homogeneous solution of an intermediate concentration, which is fed into a downstream horizontal channel. The diffusive mixing is facilitated by the small width and large length of the serpentine channels, resulting in small characteristic diffusion time and large liquid residence time, respectively. Volumetric flux through a channel, q = DP/R, is defined by the difference in pressure between the inlet and the outlet, DP, and by the channel flow resistance, R. The flow resistance is proportional to the channel contour length, R = kL, where k is the same for all serpentine channels, as they all have the same width and depth, w s = 50 mm and h = 40 mm, respectively. The gradient-making networks in the devices shown in Fig. 1 differ from those in ref. 6 and 7 in two important regards. First, serpentine channels belonging to the same stage have different lengths, L, leading to different R and different q through the channels. Variability of q makes it possible to mix solutions in individually adjustable proportions and to generate concentration profiles with a variety of shapes. Second, the stream from an individual serpentine channel of the kth stage is split between 3 serpentine channels of the (k + 1)th stage ( Fig. 2 and 3) , as compared to 2 channels of the (k + 1)th stage in ref. 6 and 7. (An exception are streams from the channels at the edges, which are split between 2 channels of the (k + 1)th stage just as in ref. 6 and 7). The proposed gradient-making networks are built so that each oddnumbered serpentine channel of the (k + 1)th stage is fed by a single channel of the kth stage and thus carries solution of the same concentration ( Fig. 2 and 3) . Each even-numbered serpentine channel of the (k + 1)th stage is fed by two adjacent channels of the kth stage, and a solution with an intermediate concentration is generated in it. The numbers of solutions with different concentrations within the kth and (k + 1)th stages, N k and N k + 1 , are connected by a recurrence relation, N k + 1 = N k + (N k 2 1). Given N 1 = 3, we derive N k = 2 k + 1 and k = log 2 (N k 2 1), meaning that the number of stages in the proposed gradient-making networks increases only logarithmically with the number of distinct concentrations at the network outlet. Construction of a gradient-making network of the proposed architecture begins with the definition of the desired shape of the concentration profile, c(y), and the number of stages in the network. All three networks described here have 4 stages, corresponding to N = N 4 = 2 4 + 1 = 17 serpentine channels in the last stage. To keep the notation more compact, we will designate the nth serpentine channel (as counted from the left) of the kth stage as channel ,k, n. (Fig. 2b) . The concentration and volumetric flux in channel ,k, n. will be designated as c k,n and q k,n , respectively. The resistance and length of channel ,k, n. will be designated as R k,n and L k,n , respectively. We will next consider in detail the construction of a network generating an exponential profile with a ratio of 256 between the highest and lowest concentration (Fig. 3) . The concentrations in the serpentine channels of the last (4th) stage are chosen as a discrete set approximating the desired exponential profile,
The concentrations in successive channels differ by a constant factor of ffiffi ffi 2 p , so the sequence c n is a geometric progression. The condition that each odd-numbered channel of the (k + 1)th stage be fed by a single channel from the kth stage uniquely defines the set of concentration in the serpentine channels of the 3rd stage: c 3,n = [1, 2, 4, 8, 16, 32, 64, 128, 256] . Applied consecutively from bottom to top, the same condition defines the concentrations in the serpentine channels of the 2nd and 1st stages, as well as in the two channels connecting the inlets with the horizontal channel of the 1st stage, c 0,1 = 1 and c 0,2 = 256 ( Fig. 3(a) ). We notice that c 0,1 and c 0,2 are the concentrations of the solutions injected into the inlets 1 and 2, respectively.
Volumetric fluxes in serpentine channels of the kth stage are specified by concentrations in channels of the kth and (k + 1)th stage and fluxes in channels of the (k + 1)th stage ( Fig. 2(b)  and 3(a) ). If channel ,k, n. is neither the first nor the last of the kth stage, it supplies flux to three channels of the (k + 1)th stage: ,k + 1, p 2 1., ,k + 1, p., and ,k + 1, p + 1., where Fig. 1 ). Arrows show redistribution of flux in the horizontal channels (cf. Fig. 1 and 2) . Numbers on the left indicate individual stages of splitting-and-mixing. (a) Numbers in the boxes show the concentrations (upper row in bold; not shown for the 4th stage) and volumetric fluxes (lower row) in the serpentine channels (both in relative units). Numbers on the arrows are portions of the flux in the channels at the arrow heads supplied by the channels at the arrow tails: coefficients a k,n and b k,n for arrows pointing left and right, respectively, and 1 for vertical arrows (cf. Fig. 2(b) ). (b) Numbers in the boxes indicate lengths (and resistances) of the channels in relative units, as calculated from the equations L k,n /L k,m = q k,m /q k,n and L 1,2 = 2L 2,3 = 4L 3,5 = 8L 4,9 . p = 2n 2 1 (Fig. 2(b) and 3(a) ). Channel ,k, n. is the sole source of flux supplied to channel ,k + 1, p. (vertical arrows in Figs. 2(b) and 3(a) ). Therefore, the flux in channel ,k, n. is calculated as q k,n = a k,n q k+1,p21 + q k+1,p + b k,n q k+1,p+1
(
. Here, a k,n and b k,n are portions of the volumetric fluxes in channels ,k + 1, p 2 1. and ,k + 1, p + 1., respectively, which are supplied by channel ,k, n. (arrows pointing left and right, respectively, in Figs. 2(b) and 3(a) ); 0 ¡ k ¡ 3 and 1 ¡ n ¡ 2 k + 1. Once solutions fed to channel ,k + 1, p 2 1. (from ,k, n. and ,k, n 2 1.) and to channel ,k + 1, p + 1.
(from ,k, n. and ,k, n + 1.) are mixed, the concentrations in these two channels become c k+1,p21 = a k,n c k,n + b k,n21 c k,n21 and c k+1,p+1 = b k,n c k,n + a k,n+1 c k,n+1 , respectively (Figs. 2(b)  and 3(a) ). In order to find a k,n and b k,n , we further notice that a k,n + b k,n21 = 1 and b k,n + a k,n+1 = 1 (Figs. 2(b) and 3(a) ). Taken together, these equations give c k+1,p21 = a k,n c k,n + (1 2a k,n )c k,n21 and c k+1,p+1 = b k,n c k,n + (1 2 b k,n )c k,n+1 . Finally, we derive
,
. For the first channel of a stage, the coefficient a is zero, and for the last channel of a stage the coefficient b is zero. The coefficients a k,n and b k,n are readily calculated from the values of concentrations in the serpentine channels (which are uniquely defined by the concentrations in the channels of the last stage, c n = c 4,n ) and then plugged into eqn (1). The system of eqn (1) is closed by specifying the volumetric fluxes in the serpentine channels of the last stage, q 4,n , which are all equal to 1 in relative units. The values of q k,n are calculated iteratively, stage by stage from bottom to top ( Fig. 3(a) ). To illustrate how individual fluxes are computed using eqn (1)-(3), we consider a few examples (Fig. 2(b) and 3(a) ). For the leftmost serpentine channel of stage 3 (channel ,3, 1.), we have k = 3, n = 1, p = 2n 2 1 = 1, and a = 0. We calculate (Fig. 3(a) ) that all serpentine channels of any given stage have equal fluxes, except for the first and last channels of the stage. This feature is specific to gradientmaking networks generating exponential and linear profiles (Figs. 1(a) and (b)), and is not found in a general case (e.g. Fig. 1(c) ).
The calculated values of q k,n are used to select L k,n . For all pairs of channels ,k, n. and ,k, m. belonging to the same kth stage, we have an equation
setting coefficients of proportionality between the channel lengths. This equation gives a general recipe for building a functional network. Nevertheless, it does not specify the ratios between lengths of serpentine channels belonging to different stages. These ratios and the actual values of L k,n can be rationally selected based on the characteristic time of diffusive mixing in a serpentine channel and the mean flow velocity, n k,s , in the shortest channel of the stage, ,k, s., at typical operation conditions of the device. For any given stage, the shortest serpentine channel has the shortest residence time of
k;s , and t k,s has to be sufficiently long to allow complete diffusive mixing in the channel. In the network under consideration, the shortest serpentine channel of a stage is always the channel in the middle. We further notice ( Fig. 3(a) ), that the flux in the channel in the middle is multiplied by 2 as the number of the stage is reduced by 1. Therefore, for consistently thorough diffusive mixing, the lengths of the channels in the middle are to obey the equation L 1,2 = 2L 2,3 = 4L 3,5 = 8L 4,9 , completing eqn (4) and offering a rule for a rational choice of length ratios between channels belonging to different stages (Fig. 3(b) ). Finally, we note that since pressures at the device inlets are equal, the ratio of L 0,1 and L 0,2 is given by L 0,1 L 0,2~q 0,2 q 0,1 ( Fig. 2(b) ). There is no diffusive mixing in the channels of the 0th stage, however. Therefore, L 0,1 and L 0,2 do not have to be proportional to the lengths of the serpentine channels of stages 1-4.
The network described above is constructed to generate an exponential profile of a shape c(y) = exp(ay), where the left and right edges of the test channel correspond to y = 0 and y = 1, respectively, and the maximum concentration is 256 in relative units [corresponding to a = ln(256)]. The second gradientmaking network (Fig. 1(b) ) is designed to generate a linear concentration profile in the test channel, c(y) = by. A set of the last-stage concentrations approximating this profile is c 4,n = [0, 1, 2, 3, 4, …, 14, 15, 16] in relative units. The sets of c 3,n , c 2,n , c 1,n , and c 0,n are found following the procedure described above and are used to calculate the values of a k,n and b k,n according to eqn (2)-(3). Finally, the system of eqn (1) is solved using the condition of identical fluxes in the serpentine channels of the last stage, q 4,n = 1. The third gradient-making network ( Fig. 1(c) ) is constructed to produce a profile with a shape of two fused branches of a parabola taken with opposite signs. For brevity we will call it double-parabolic profile. Its functional form is c(y) = 64[1 2 4(y 2 0. In the design of all three gradient-making networks (Fig. 1) , we followed eqn (4) and implemented the relation L 1,2 = 2L 2,3 = 4L 3,5 = 8L 4,9 , with L 1,2 # 31 mm. In the networks generating exponential and linear profiles ( Fig. 1(a) and (b) ), the design resulted in identical residence times in the shortest serpentine channels of all stages. In the network generating the double-parabolic profile, the smallest residence time in the network was in channel ,1, 2.. In the two other networks, channel ,1, 2. was one of the channels with the minimum residence time in the network. Therefore, the maximal flow rate in all three devices was limited by maximal n 1,2 that allowed sufficient time for diffusive mixing in channel ,1, 2. (Fig. 1) . Characteristic diffusion time for an aqueous solution of FITC in a 50 mm wide channel can be estimated as t 0 = w 2 s /D = 5 s, giving a condition n 1,2 , n 0 = L 1,2 /t 0 = 6.2 mm s 21 for the proper operation of the gradient-making networks.
Results and discussion
All three devices were tested with a 15 ppm (by weight) solution of FITC in pH = 7.5 phosphate buffer injected into inlet 2. The liquid injected into inlet 1 was plain phosphate buffer for the devices generating the linear and doubleparabolic profiles and a 0.059 ppm solution of FITC (15 ppm solution diluted by a factor of 256 with the buffer) for the device generating the exponential profile. The flow in all three devices was driven at pressure P d # 7.5 kPa. (Because of imperfections in fabrication of the devices, the ratios of resistances of the serpentine channels were somewhat different from their intended values; the pressures at the inlets were individually adjusted to obtain the desired values of c 1,2 and were different from each other by up to 1.5%.) The volumetric flow rates of liquids injected into inlets 1 and 2, q 0,1 and q 0,2 , are proportional to the difference in pressure between the inlets and the horizontal channel of the 1st stage. Based on our calculations of flow resistances in the networks, this difference in pressure was estimated at y27% of P d with an absolute value of y2 kPa for all three networks. Therefore, the level of control of P d (2 Pa precision) corresponded to controlling q 0,1 and q 0,2 within 0.1%.
In order to verify that the flow rate in a device was sufficiently low for thorough diffusive mixing, we measured the distribution of FITC in the stream emerging from channel ,1, 2.. To perform the measurements, we took fluorescence images of the central part of the 2nd stage horizontal channel, where the stream expanded to a width of y1 mm allowing for good lateral resolution. For all three devices, the standard deviations of the FITC concentration across the stream were less than 1% of the mean. The mean flow velocities in the test channel were 0.75, 0.75, and 0.57 mm s 21 for the devices generating exponential, linear, and double-parabolic profiles, respectively, which was 29 to 38 times higher than in ref. 27 . The mean flow velocity in channel ,1, 2. was n 1,2 # 6.0 mm s 21 for all three devices. This value of n 1,2 is consistent with the above estimate for n 0 .
Profiles of fluorescence and distributions of FITC across the test channels, c(y), in all three devices closely matched the desired concentration profiles (Fig. 4) . Notably, in the device designed to generate an exponential profile (Fig. 4(a) and (d) ), c(y) followed an exponential curve over more than two orders of magnitude in concentration. The measured concentration profiles differ from their desired functional shapes in marginal regions with widths on the order of w s (Fig. 4(d)-(f) ). One of the reasons for this difference is the net diffusive mass transfer down the gradient, reducing the concentration at the high concentration edge and increasing it at the low concentration edge. This process occurs concurrently with diffusive smoothening of the discontinuities in concentration between the adjacent streams that have widths w s and affects regions of similar widths at the margins. In the case of the linear profile (Fig. 4(d) ), there are plateaus of zero and maximal concentration of widths of about w c /2 in the marginal regions. A better fit to a straight line would be obtained if the volumetric fluxes of the streams with zero and maximal concentration injected at the edges were reduced by half, q 4,1 = q 4,17 = 0.5q 4, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Because of relatively high flow velocities, variation of the concentration profiles in the test channels along the flow (in the x-direction) was rather slow (Fig. 5) . In the case of the exponential profile (Fig. 5(a) ), the profile shape was well preserved within the initial 1.5 mm of the channel (curves 1-3) . Degradation of the exponential profile occurred because of the net diffusive transport from the high concentration edge to the low concentration edge and resulted in the development of flattened regions at both edges. Nevertheless, the concentration profile in an internal region between y = 250 and 700 mm remained exponential even at 3.5 mm from the beginning of the test channel ( Fig. 5(a) ) with an almost unchanged exponent of y6.5 6 10 23 mm 21 = ln(256)/w (w = 850 mm is the width of the test channel). As expected for an exponential profile, the concentration in this internal region, c(x, y), steadily grew with
x. The increase in concentration over Dx = 3 mm (curve 5 vs. curve 2 in Fig. 5(a) ) was y15% on average. This number corresponded to an increase in concentration of only y0.5% over Dx = 100 mm, which was more than two orders of magnitude lower than the twofold increase over Dy = 100 mm. The linear concentration profile (Fig. 5(b) ) remained practically unchanged over the entire length of the test channel, apart from the development of flattened regions at the edges (with increased concentration at the low concentration edge and decreased concentration at the high concentration edge).
To test the sensitivity of operation of the devices to variations in the inlet pressures, we reduced the pressure at inlet 2 in the devices in Fig. 1(a) and (b) by different amounts, DP, and monitored the resulting changes in the concentration profiles. The difference between the concentration profiles was quantified in terms of its maximal and root-mean-square (RMS) values, both normalized to the maximum concentration. For the device generating a linear profile, the maximum and RMS values were 2.1% and 1.2% at DP = 125 Pa and decreased to 1.0% and 0.5% at DP = 50 Pa. For the device generating an exponential profile, the maximum and RMS values were 2.7% and 1.7% at DP = 125 Pa and decreased to 1.0% and 0.8% at DP = 50 Pa. When extrapolated to a pressure difference of 2 Pa (the precision of pressure adjustment), both maximum and RMS concentration variations were below 0.1%, suggesting that the devices and the flow control set-up were more than adequate for generating well defined profiles of concentration.
For the device generating the exponential profile, the discharge of liquid through inlets 1 and 2 in 1 h was y72 mL and y18 mL, respectively, corresponding to reductions by y0.13 mm and y0.03 mm in the levels of liquid in the syringes feeding the two inlets. These liquid level variations were expected to change the ratio between q 0,1 and q 0,2 by less than 0.1%, which would have very little influence on the concentration profile. The effect of the liquid discharge was expected to be even smaller for the linear and double parabolic profiles because of equal q 0,1 and q 0,2 . We tested stability of the concentration profiles in the devices producing linear and exponential profiles by comparing fluorescence micrographs of the same areas of the test channels taken with an interval of 1 hr. The root mean square of the difference of the fluorescence intensity between the two profiles was less than 0.5% and less than 1% of the maximal fluorescence intensity for the linear and exponential profiles, respectively.
The concentration profiles in Fig. 4 illustrate the versatility of the proposed network architecture. The linear concentration profile has a constant first derivative, dc/dy, and zero second derivative, d 2 c/dy 2 . In the exponential profile, both derivatives are positive and grow exponentially across the test channel. In the double-parabolic profile, dc/dy is linearly decreasing on the left side, linearly increasing on the right side, and d 2 c/dy 2 changes its sign in the middle of the test channel. The proposed scheme of building a gradient-making microchannel network can be used to generate any given concentration profile with one essential limitation: c(y) has to be a monotonic function. This limitation originates from the fact that the concentration in any serpentine channel (except for channels at the edges) is a weighted average of the concentrations in the two adjacent channels, precluding local minima or maxima of concentration in the networks with two inlets. Concentration profiles with local maxima and minima can be produced by using networks with three or more inlets or by directing streams emerging from several independent networks into a single test channel. 6, 7 With the common planar architecture of the microfluidic devices, each channel can have only one or two channels immediately adjacent to it. Hence, a stream emerging from a channel can be directly merged with only one or two other streams, and by splitting and merging streams from a planar array of N channels, not more than N 2 1 new mixtures can be produced. (This limitation is lifted if a 3D microchannel network is used. 30 ) Therefore, the growth of the number of distinct concentrations with the number of steps, N k+1 = N k + (N k 2 1) and N k = 2 k + 1, which is realized in the proposed architecture, is the fastest possible under the constraint of a planar network.
The logarithmically small number of steps (stages), k = log 2 (N k 2 1), needed to generate a given number of distinct concentrations allows significant reduction in area occupied by the network and in pressure required to drive flow through the network compared with the design in ref. 6 and 7. For example, to generate a linear set of 17 concentrations with the same total flow rate, a gradient-making network with the architecture as in ref. 6 and 7 would need to have 15 stages and a net area y7 times larger than the network in Fig. 1(b) , with y3 times higher pressure required to drive the flow in it. To make this comparison, we designed a network with the architecture as in ref. 6 and 7 that had serpentine channels of the same cross-section as in Fig. 1(b) (50 6 40 mm, separated by 50 mm) and horizontal channels of the same width as in Fig. 1(b) (0.5 mm) . One can see that the values of N attainable with the proposed architecture, N = 17 in the present networks and N = 33 with just one more stage of splitting and mixing, would be rather impractical with the previous design because of the large footprint of the devices. Large values of N are important for accurate definition of complex continuous profiles c(y) by discrete sets of c n (Fig. 4(b) , (c), (e) and (f)) and for stability of c(y) with respect to variations in x and n.
The gradient-making networks could be further optimized by allowing uneven volumetric fluxes, q n , in the serpentine channels of the last stage (which feed into the test channel). In particular, for accurate definition of a profile with large variations of dc/dy across the test channel (such as in Fig. 4(c) and (f)), it could be beneficial to have a large number of narrow streams (low q n ) where dc/dy is large, and small number of wide streams (high q n ) where dc/dy is small. (This would be somewhat analogous to the adaptive mesh used in numeric simulations.) The values of c n would then be selected in accordance with the positions of the streams in the test channel, and the network would be constructed based on c n and q n .
Conclusion
We have described and validated an architecture of microfluidic gradient-making networks, which are more compact and versatile than the networks made using the previous design. A particularly useful feature of the proposed architecture is the ease of generation of exponential concentration profiles that can be applied to studies of chemotaxis and dose response of live cells. In an exponential profile of a chemoattractant, all cells are exposed to the same fractional gradient, 1 c dc dy , that remains constant as cells migrate, creating experimental conditions essentially different from those in the linear concentration profile studied before. [8] [9] [10] [11] [12] 14 For dose response studies, cells can be presented with solutions containing different concentrations of the substance of interest from the individual serpentine channels at the network outlet. 15, 16 In successive channels of a network generating an exponential profile, the concentrations differ by a constant factor, making it possible to study the dose response in a broad range of concentrations with even fractional resolution, Dc/c.
